


































PHOTORESIST  THAT  LIES  ON  THE  SURFACE  OF  A  SILICON WAFER  4HE 
RESULTING PATTERNS OF ILLUMINATION ARE USED TO SELECTIVELY ALTER 
SPECI½C  REGIONS  ON  THE  PHOTORESIST  WHICH  AFTER  SEVERAL 
ITERATIONS  OF  CHEMICAL  TREATMENT  BECOME  THE  TRANSISTORS 












THE  REASONS WHY GOLD WHICH DOES NOT  FORM AN OXIDE  LAYER 
UNDER AMBIENT CONDITIONS IS SO EXTENSIVELY USED IN NANOSCALE 
TECHNOLOGY 'OLD  IS ALSO READILY AND CONVENIENTLY DEPOSITED 
BY  COMMONLY  AVAILABLE  TECHNIQUES  SUCH  AS  ELECTROPLATING 





GROUPS	  4HIS  PROPERTY  ALLOWS  COMPLEX  AND  USEFUL  LAYERS  OF 
ORGANIC MOLECULES TO BE ASSEMBLED ON GOLD SURFACES )T IS FOR 
THESE  VARIOUS  REASONS  THAT  GOLD  IS  SO  ATTRACTIVE  FOR  USE  IN 
DIVERSE NANOTECHNOLOGICAL INVESTIGATIONS;= 
.ATURALLY THE ISSUE OF HOW TO FABRICATE GOLD STRUCTURES AT 
RESOLUTIONS  SIGNI½CANTLY  ½NER  THAN  THOSE  ROUTINELY  USED  IN 
OPTICAL  LITHOGRAPHY ARISES 7E WILL SHOW HERE THAT THIS TOPIC 
HAS ATTRACTED EXTENSIVE INTEREST AND INVESTIGATION AND IN THIS 
PAPER WE  PROVIDE  A  SUCCINCT  AND  UPTODATE  REVIEW  OF  THE 
½ELD 7E FOCUS ON THE TECHNIQUES BY WHICH NANOSCALE GOLD 
SHAPES  SUCH  AS  SPHERES  CIRCLES  RODS  LINES  RINGS  CYLINDERS 
CROSSES AND SQUARES ;= HAVE BEEN PRODUCED IGNORING THE 






BEEN  USED  FOR  CENTURIES  .ANOLITHOGRAPHY  REFERS  TO  THE 
FABRICATION OF STRUCTURES WHERE AT LEAST ONE LATERAL DIMENSION 
LIES  IN  THE  RANGE OF   TO  NM 4HERE HAVE BEEN  SEVERAL 















ONTO  A  MASK  PREPARED  BY  %",  THE  CHROMIUM  REPORTEDLY 
IMPROVES BINDING OF THE GOLD TO THE SUBSTRATE !RRAYS OF GOLD 
RODS WITH ASPECT RATIOS ASPECT RATIO IS THE RATIO OF LENGTH TO 
WIDTH	  VARYING  BETWEEN    AND    WERE  PREPARED  &IGURE   
SHOWS AN ARRAY OF RODS WITH ASPECT RATIO OF 
-ETAMATERIALS ARE MATERIALS THAT GAIN THEIR ELECTROMAGNETIC 
PROPERTIES  FROM  STRUCTURE  RATHER  THAN  THE  MATERIAL  IT  IS 
COMPOSED  FROM  -ETAMATERIALS  COMPOSED  OF  SPLIT  RING 
RESONATORS 322S	 HAVE BEEN FABRICATED USING %", BY SEVERAL 
GROUPS;= 4HE SPLIT RINGS CONSIST OF GOLD    NM THICK 




AND  ALLOW  THE  POSSIBILITIES  OF  NEGATIVE  PERMITTIVITY  AND 
NEGATIVE PERMEABILITY AT SPECI½C WAVELENGTHS DEPENDING ON 
THE  RESONANT  FREQUENCY  OF  THE  CIRCUITS´  STRUCTURES  "OTH 
NEGATIVE PERMITTIVITY AND PERMEABILITY GIVE  RISE  TO NEGATIVE 
REFRACTIVE  INDEX MATERIALS 4HIS  IMPLIES THAT ELECTRONS WITHIN 
THE  SAMPLE MOVE  IN  THE  OPPOSITE  DIRECTION  OF  THE  APPLIED 
ELECTRIC  AND  MAGNETIC  ½ELDS;  =  /THER  METAMATERIALS 






OF  EACH  TECHNIQUE  TO  FABRICATING  PRECIOUS  METAL 
NANOSTRUCTURES 
  %LECTRON BEAM LITHOGRAPHY
%LECTRON  BEAM  LITHOGRAPHY  %",	  USES  AN  ELECTRON  BEAM 
FOCUSED  ONTO  A  SUBSTRATE  COATED  WITH  A  BEAMSENSITIVE 
MATERIAL  AND  THE  BEAM  IS  DIRECTED  TO  PRODUCE  A  SPECI½C 
PATTERN  "ECAUSE  THE  DIFFRACTION  LIMIT  OF  ELECTRONS  IS MUCH 
SMALLER  THAN  THAT  OF  VISIBLE 56 OR  EVEN 8RAY  PHOTONS  THE 




'OTSCHY  ET  AL  USED  %",  TO  CREATE  METAL  DOT  ARRAYS  ON 
TRANSPARENT  GLASS  SUBSTRATES;= 7E  DRAW  ATTENTION  TO  THE 




AND  CAUSE  INCOMING BEAM ELECTRONS  TO  BE  REPELLED /FTEN 
THIS RESULTS  IN  IMAGES DRIFTING AND A SKEWING OF PATTERNS 4O 
PREVENT  CHARGING  THE  NONCONDUCTIVE  SUBSTRATE  REQUIRES  A 



























*E½MOVS  ET  AL  CREATED  NANOSTRUCTURES  TO  ½LTER  INFRARED 
RADIATION;= /N A CONDUCTING GOLD SUBSTRATE A THICK   
  NM	  LAYER  OF  POLYIMIDE  WAS  APPLIED  BY  SPIN  COATING 
FOLLOWED BY VAPOUR DEPOSITION OF A ^ NM LAYER OF 3I/ SPIN 








INTO  THE  SUBLAYERS  USING  2)%  AND  GOLD  WAS  DEPOSITED  BY 
ELECTROPLATING  INTO  THE  VOIDS  &IGURE    SHOWS  THE  GOLD  GRID 
STRUCTURE PREPARED
!RRAYS  OF  ANNULAR  APERTURES  IN  GOLD  LAYERS  HAVE  BEEN 
FABRICATED  ON  ANTIMONYDOPED  TIN  OXIDE  COATED  GLASS 




VOIDS  IN  THE  GOLD  ½LM  IN  THE  FORM  OF    NM  RINGS  WERE 
REVEALED
'RIF½TH  ET  AL  DEVELOPED  AN  ADDITIVELAYER  TECHNIQUE  FOR 
MULTIPLEMATERIAL  FUNCTIONALITY;=  4HE  PROCEDURE  INVOLVES 






BIND  THE  METAL  NANOPARTICLES  TO  THE  SUBSTRATE  3UCCESSIVE 
LAYERS CAN BE SPINCOATED DIRECTLY OVER PREVIOUS STRUCTURES;= 
&IGURE    SHOWS  A  FOUR  LAYERED  STRUCTURE  WITH  CONFORMAL 
LAYERING BUT INCLUDES SOME MISALIGNMENT
&UKUSHIMA ET AL  FABRICATED PERIODIC GOLD NANOSTRUCTURES 








! RATHER DIFFERENT  TYPE OF NANOLITHOGRAPHY  IS POSSIBLE  IF  THE 










NM  )$/$	  2EPRINTED  WITH  PERMISSION  FROM  2EF    0ERENTES 
ET AL .ANOTECHNOLOGY  3 	   )/0 0UBLISHING ,TD
&IGURE 
!&-  IMAGE OF  A  FOURLAYERED  TEST  STRUCTURE  2EPRINTED WITH PERMISSION 









PENETRATION  DEPTH  OF  HEAVY  IONS  INTO  THE  SUBSTRATE  ALLOWS 
COMPLEX DIMENSIONAL STRUCTURES TO BE FABRICATED WITH HIGH 
RESOLUTION;  =  0ATTERNS  CAN BE WRITTEN  INTO  VIRTUALLY 
ANY MATERIAL HOWEVER THE PROCESS  IS  RELATIVELY SLOW;  







WAS  USED  TO  ETCH  THE  GOLD  NOT  COVERED  BY  PARTICLES  4HE 
PARTICLES WERE THEN REMOVED TO LEAVE GOLD DISKS 4HE SIZE OF 
THE  GOLD  DISKS  IS  CONTROLLED  BY  THE  SIZE  OF  THE  MASKING 
POLYSTYRENE PARTICLES )NTERESTINGLY THE SIZE OF THE POLYSTYRENE 
PARTICLES  IS  TEMPERATURE  DEPENDENT  SO  CHANGING  THE 
TEMPERATURE ALTERS THE SIZE OF GOLD DISKS 4HIS NANOLITHOGRAPHIC 
METHOD IS CAPABLE OF PRODUCING OPTICAL COATINGS OVER LARGE 
AREAS  WITH  CONTROLLABLE  SIZE  SHAPE  AND  INTERPARTICLE 
SPACING;= 




























PROCESS  /NE  METHOD  USES  A  BEAM  OF  REACTIVE  ATOMS  TO 
CHEMICALLY  MODIFY  A  SUITABLE  RESIST  SIMILAR  TO  THE  ETCHING 
PROCESSES  USED  IN  %",  AND  &)"  )N  THE  SECOND METHOD  THE 
NANOSTRUCTURE  IS  FORMED  FROM  ATOMS  DEPOSITED  DIRECTLY  BY 
THE BEAM  IN  SELECTED PATTERNS -~TZEL  ET  AL  UTILIZED  ATOM 
LITHOGRAPHY  WITH  AN  OPTICAL  LIGHT  MASK;=  /PTICAL  DIPOLE 
FORCES  CONCENTRATED  ATOMS  NEAR  THE  NODES  OF  A  STANDING 
LIGHTWAVE  ½ELD  !  HOLOGRAPHIC MIRROR  WAS  USED  TO  CONTROL 
A CESIUM ATOM BEAM TO DEPOSIT A PATTERN ONTO A SUBSTRATE 
CONSISTING OF  SILICON WAFER  COVERED WITH  A  NM GOLD ½LM 
AND  SELFASSEMBLED  MONOLAYER  OF  NONANETHIOL 
4HE  NONANETHIOL  LAYER  PROTECTS  THE  GOLD  DURING  A  WET 





   .ANOLITHOGRAPHY  USING  VISIBLE  OR  ULTRAVIOLET 
LIGHT










HAVE  BEEN  SEVERAL  PUBLISHED  REVIEWS  DESCRIBING  THIS  AREA 
;= 
'UO  ET  AL  USED  INTERFERENCE  LITHOGRAPHY  TO  CREATE  GOLD 
GRATINGS THAT CAN BE USED FOR OPTICAL APPLICATIONS;= ! LASER 
EXPOSED  A  PATTERN  IN  A  SAMPLE  CONSISTING  OF    NM  THICK 
PHOTORESIST  DEPOSITED  ONTO  A    NM  THICK  GOLD  ½LM  4HE 
EXPOSED  RESIST  WAS  REMOVED  AND  THE  SAMPLE  WAS  ETCHED 
USING AN ION BEAM TO FORM THE PATTERN IN THE GOLD LAYER 4HE 
REMAINING  RESIST  WAS  REMOVED  TO  GIVE  THE  GOLD  STRUCTURES 
'OLD NANOWIRE STRUCTURES WITH  LINE WIDTHS RANGING BETWEEN 
 NM TO  NM WERE PREPARED 4HE PROCESS PROVIDES AN 
INEXPENSIVE  FAST AND VERSATILE MEANS  FOR  THE FABRICATION OF 
LARGE AREA METALLIC NANOSTRUCTURES;= 
.AKATA ET AL USED LITHOGRAPHICAL LASER ABLATION TO FABRICATE 
GRATINGS  OF  LINES  AND  CIRCULAR  HOLES;=  ,IGHT  FROM  A 
FEMTOSECOND PULSED  LASER WAS PASSED  THROUGH A MASK  AND 
THE  PATTERN  WAS  IMAGED  ONTO  A  GOLD  ½LM  ON  A  SILICAGLASS 
SUBSTRATE  BY  A  COHERENT  OPTICAL  SYSTEM  0ERIODIC  STRUCTURES 
SUCH  AS  NANOSIZED  HOLE  MATRICES  AND  NANOMESHES  WERE 
GENERATED IN A SINGLE SHOT OF LASER ABLATION;= 4HIS PROCESS 







ULTRAVIOLET  REGION;  =  4HIS  LINEWIDTH  WAS  ACHIEVED 
THROUGH %XTREME 5LTRA6IOLET )NTERFERENCE ,ITHOGRAPHY %56
),	 WHEREBY EXTREME 56 LIGHT IS PASSED THROUGH TWO DIFFRACTION 
GRATINGS  SIMULTANEOUSLY  AND  THE  CORRESPONDING  BEAMS 
PERIODIC INTERFERENCE PATTERN IS EXPOSED INTO A %56 RESIST




ONTO  A  RESIST  LAYER  4HE  IMAGING  ACCURACY  IS  LIMITED  BY  THE 
WAVELENGTH OF THE 56 RADIATION AND BY THE DIFFUSION PROCESSES 
DURING THE DEVELOPMENT OF THE PHOTOMATERIAL
2ECENTLY  3UN ET AL  REPORTED A PROCEDURE  ;=  SIMILAR  TO 
THE %", TECHNIQUE REPORTED BY 'RIF½TH ET AL;= %XPOSURE OF A 
½LM  OF  THIOLSTABILISED  GOLD  NANOPARTICLES  ON  SILICON  BY  56 
RADIATION OXIDISED THE THIOL MOLECULES 4HE GOLD NANOPARTICLES 
AGGREGATED  AND  FORMED  STRUCTURES  THAT  SOLVENT  DID  NOT 
REMOVE 5SING 56 LIGHT TO OXIDISE THE THIOL MOLECULES ALLOWED 
A MASK TO BE USED GIVING MICROMETRESCALE STRUCTURES 4HE 
MINIMUM  LINE  WIDTH  PRODUCED  WAS    NM  FOR  ,ANGMUIR
3CHAEFFER  ½LMS  USING  A  56  LASER  ATTACHED  TO  A  NEAR½ELD 
SCANNING  OPTICAL MICROSCOPE  IN  PLACE  OF  A  LAMP  AND MASK 
SETUP  4HE  LAMP  AND MASK  SETUP PRODUCED  STRUCTURES  THAT 
WERE  POROUS  WHEREAS  THE  56  LASER  PRODUCED  DENSE 
CONTINUOUS STRUCTURES 
!NOTHER RECENTLY DEVELOPED OPTICAL LITHOGRAPHY TECHNIQUE 




ADJUSTABLE  INTENSITY  TO  INDIVIDUAL  ZONE  PLATES  WHERE  THE 
INCIDENT LIGHT IS FOCUSED ONTO A RESIST 4HE ZONEPLATEARRAY IS 
FABRICATED USING %", 4HE SUBSTRATE  IS  SCANNED BENEATH  THE 
ARRAY  AND  VARIOUS  PATTERNS  CAN  BE  BUILT  UP  IN  A  DOTMATRIX 
FASHION;  =  -INIMUM  LINEWIDTHS  REPORTED  TO  DATE  ARE 
^  NM;=
%NVANESCENT  .EAR&IELD  /PTICAL  ,ITHOGRAPHY  %.&/,	 
OVERCOMES  THE DIFFRACTION  LIMIT OF L BY UTILISING  THE NEAR
½ELD´S HIGHSPATIAL FREQUENCY INFORMATION AND HAS BEEN USED 
TO  ACHIEVE    L  RESOLUTION;=  %.&/,  CONSISTS  OF  A  GLASS 
SUPPORT WITH  AN  ATTACHED  TUNGSTEN MASK  PRODUCED  BY  %", 
WHICH IS BROUGHT INTO VACUUM CONTACT WITH A SILICON SUBSTRATE 
WITH  A  LAYER  OF  BOTTOM  ANTIRE¾ECTION  COATING  AND  A 
PHOTORESIST;= ! 56 LIGHT IS SHONE THROUGH THE MASK AND 
THE PATTERN  IS  TRANSFERRED TO  THE  RESIST 4HIS  SYSTEM REQUIRES 
CONTACT BETWEEN MASK  AND  RESIST WHICH  LIMITS  APPLICATIONS 
0LANAR ,ENS ,ITHOGRAPHY 0,,	 IS A SUBSET OF %.&/, IN WHICH A 
PLANAR  SILVER  LENS  IS  ADDED  INTO  THE  SYSTEM  AND  ILLUMINATED 
NEAR  ITS  56  ELECTROMAGNETICRESONANCE  WHICH  PROJECTS  THE 
NEAR½ELD  SUPERLENSING	  REMOVING  THE  REQUIREMENT  FOR 
DIRECT  CONTACT;=  4HE  HIGHEST  RESOLUTION  ACHIEVED  HAS 




4HE  SHORT  WAVELENGTHS  OF  8RAYS  GIVE  IMPROVED  DIFFRACTION 
LIMITS  COMPARED  TO  OPTICAL  LITHOGRAPHY  "ROADBAND  8RAYS 




TO  8RAYS  GENERALLY  SILICON  CARBIDE  OR  DIAMOND  4HERE  ARE 
SEVERAL  GOOD  REVIEWS  FOCUSING  SPECI½CALLY  ON  8RAY 
LITHOGRAPHY;= 
8RAYS MAY  GENERATE  SECONDARY  ELECTRONS  AND WHILE  THE 
&IGURE 





½NE PATTERN DE½NITION  IS  DUE PRINCIPALLY  TO !UGER  ELECTRONS 
WITH  VERY  SHORT PATH  LENGTHS  THE  SECONDARY  ELECTRONS MAY 
SENSITIZE  THE  RESIST  OVER  A  LARGER  REGION  THAN  THE  8RAY 











RAYS  WERE  DIRECTED  ONTO  THE  RESIST  AT  DIFFERENT  ANGLES  TO 
GENERATE  DIFFERENT  PATTERNS  &INALLY  A    NM  GOLD  LAYER  IS 
DEPOSITED ONTO THE RESIST TO CREATE THE $ PHOTONIC CRYSTAL
-ETALLIC DIMENSIONAL LATTICES WITH CUBIC AND 9ABLONOVITE 
STRUCTURE  HAVE  BEEN  FABRICATED  BY  8RAY  LITHOGRAPHY 
9ABLONOVITE  ALSO  CALLED  THE  ³THREE  CYLINDER  STRUCTURE´  IS  A 
DISTORTED  RODCONNECTED  DIAMOND  STRUCTURE  THAT  CAN  BE 
PRODUCED BY DRILLING ONLY THREE HOLES 4HE 8RAY LITHOGRAPHY 
METHOD  IS WELL  ADAPTED  TO  FABRICATE  THESE $  LATTICES 4HE 
RESOLUTION  CAN  BE  CONTROLLED  TO  YIELD  LATTICE  PARAMETERS  OF 
 NM;= 
  .ANOIMPRINT LITHOGRAPHY
.ANOIMPRINT  LITHOGRAPHY  .),	  IS  A  METHOD  OF  FABRICATING 
NANOMETER  SCALE  PATTERNS  BY  MECHANICAL  DEFORMATION  OF 
IMPRINT RESIST FOLLOWED BY SUBSEQUENT PROCESSES "ECAUSE .), 
IS A PATTERN TRANSFER PROCESS  IT  IS NOT  LIMITED BY DIFFRACTION 
SCATTERING  EFFECTS  OR  SECONDARY  ELECTRONS  BUT  IT  RELIES  ON 
OTHER LITHOGRAPHY TECHNIQUES TO GENERATE TEMPLATES (OWEVER 
IT  IS  POSSIBLE  THAT  SELFASSEMBLED  STRUCTURES  COULD  PROVIDE 
TEMPLATES OF PERIODIC PATTERNS AT SCALES OF  NM AND  LESS 




A  THIN POLYMER  LAYER OF  IMPRINT  RESIST  IS  SPIN COATED ONTO A 
SUBSTRATE AND A MOLD IS BROUGHT INTO CONTACT WITH THE SAMPLE 
AND PRESSED UNDER PRESSURE 7HEN HEATED ABOVE  THE GLASS 
TRANSITION  TEMPERATURE  OF  THE  POLYMER  THE  PATTERN  ON  THE 
MOLD IS PRESSED INTO THE POLYMER ½LM !FTER COOLING THE MOLD 

















^  NM  DIAMETER  GOLD  SPHERES  4HE  ADVANTAGE  OF  THIS 
LITHOGRAPHIC PROCESS IS THAT NO DIFFUSION OCCURS UPON TRANSFER 
ALLOWING  MORE  ACCURATE  PATTERN  TRANSFER  THAN  NORMAL 
MICROCONTACT  PRINTING  WHICH  RELIES  ON  ABSORBATE  DIFFUSION 
FROM THE STAMP INTERIOR TO THE SURFACE 
,I  ET  AL  FABRICATED  OPTICALLYFUNCTIONAL  STRUCTURES  USING 
.),;= ! 0--! RESIST WAS SPINCOATED ONTO A SUBSTRATE AND A 
MOLD  WAS  THEN  IMPRINTED  INTO  THE  RESIST  4HE  COMPRESSED 
0--! WAS THEN REMOVED BY ANISOTROPIC OXYGEN ETCHING AND 




3IMILARLY  9U  ET  AL  USED .), WITH  0--!  RESISTS  TO  CREATE 
DOUBLE  LAYER  SUBWAVELENGTH  METAL  GRATINGS;=  4HIS  WAS 
ACHIEVED BY BYPASSING THE ³LIFTOFF´ STEP LISTED ABOVE 4HE GOLD 
METAL GRATINGS ARE SEPARATED BY THE HEIGHT OF THE 0--! LAYER 
ALLOWING  DIFFERENT  OPTICAL  PROPERTIES  DEPENDING  ON  THE 
AMOUNT  OF  THE  0--!  DEPOSITED  .),  HAS  THE  CAPABILITY  TO 
MOLD  SEVERAL  SQUARE  CENTIMETRES  SIMULTANEOUSLY  BUT  THE 










BROUGHT  INTO  CONTACT  WITH  A  SUBSTRATE  TO  ±WRITE²  ON  THE 
SUBSTRATE WITH THE COMPOUND
!&-  HAS  BEEN  USED  TO  MANIPULATE  GOLD  NANORODS 
FABRICATED  ELECTROCHEMICALLY  ACROSS  A  SILICON  SUBSTRATE;= 
4HE  NANORODS  WERE MANIPULATED  USING  THE  !&-  CANTILEVER 
WHICH MOVED THE RODS ALONG THEIR TRANSVERSE AND LONGITUDINAL 










FUNCTIONALISE  !U  NANOSTRUCTURES  ON  A  SEMICONDUCTOR 
SUBSTRATE;= !N !&- TIP WAS USED TO DELIVER MOLECULES TO A 




INCLUDING  METALS  SEMICONDUCTORS  AND  MONOLAYER 
FUNCTIONALIZED  SURFACES  $0.  ALLOWS  CONTROL  TO  PRECISELY 

















THIOL  WAS  REPLACED  WITH  AN AWDITHIOL  (3#(3(	  OR  AN 
AMINOTHIOL  (3#(.(	  COMPOUND  AND  THE  SAMPLE 
IMMERSED  IN  A  GOLD  COLLOID  SOLUTION  WHEREUPON  GOLD 
NANOPARTICLES  ADSORBED  TO  THE  3!-  TO  GIVE  THE  GOLD3!-
GOLD NANOPARTICLE STRUCTURES 3UB NM ARRAYS OF LINES AND 
DOTS  WERE  PRODUCED  USING  THIS  TECHNIQUE  !S  WELL  AS 
FUNCTIONALISING  THE  NANOSTRUCTURES WITH  GOLD  NANOPARTICLES 
BIOFUNCTIONALISATION  WAS  ALSO  DEMONSTRATED  !FTER  THE 
FERRICYANIDE    (&  ETCHING  STEPS  ANY  EXPOSED  SILICON  OXIDE 
SURFACE  WAS  PASSIVATED WITH  OCTADECYLTRIMETHOXYSILANE  AND 
RABBIT  )G' PROTEINS WERE THEN BOUND TO THE CARBOXYLIC ACID 
GROUPS  OF  THE  MERCAPTOHEXADECANOIC  ACID  LAYER  4HIS 






HEMISPHERICAL  ISLANDS;= ! THIN METAL  LAYER  GOLD OR SILVER	 
WAS THEN DEPOSITED ONTO THE STRUCTURED #S#L ½LM 4HE #S#L 
ISLANDS  AND  THE  THIN METAL  LAYER  ATTACHED  TO  THEM  WERE 
REMOVED  BY  IMMERSION  IN  AN  ULTRASONIC  BATH  TO  LEAVE  A 
PERFORATED  METALLIC  ½LM  4HE  GROWTH  RATE  OF  THE  ISLANDS 
WAS  FOUND  TO BE DOMINATED BY  THE  KINETICS OF DISSOLUTION 
AND  DEPOSITION  AT  THE  SOLIDSOLUTION  BOUNDARY;=  4HE 
STRUCTURED  CESIUM  CHLORIDE  ½LM  HAS  ALSO  BEEN  USED  AS  A 
MASK  FOR  REACTIVE  ION  ETCHING;=  !LTHOUGH  THIS  TECHNIQUE 
DOES  NOT  ALLOW  DIRECT  WRITING  OF  SPECI½C  STRUCTURES  IT 




4HE  OPTICAL  PROPERTIES  OF  NANOSTRUCTURED  MATERIALS  OFTEN 
DEPEND  UPON  SHAPE  COMPOSITION  AND  THE  SURROUNDING 
MEDIUM  )T  IS  THIS  FACTOR  THAT  HAS  MOTIVATED MUCH  OF  THE 
INTEREST IN USING NANOLITHOGRAPHY TO PRODUCE PRECIOUS METAL 
STRUCTURES  )N  THIS  SECTION  WE  BRIE¾Y  REVIEW  SOME  OF  THE 
APPLICABLE  NANOSCALE  PRECIOUS  METAL  STRUCTURES  THAT  HAVE 
USEFUL OPTICAL PROPERTIES
  566ISIBLE AND )2 OPTICAL ABSORPTION ½LTERS
-ANUFACTURING  ½LTERS  THAT  BLOCK  NEARINFRARED  RADIATION  BUT 
TRANSMIT  SHORTER WAVELENGTHS  IS  A CHALLENGING  TASK  THAT HAS 
ATTRACTED SOME INTEREST -ETALLIC GRIDS FABRICATED BY *E½MOVS 
ET  AL  WERE  DESIGNED  TO  SCREEN  AN  8RAY  DETECTOR  FROM 




IS  LOW  ALTHOUGH  THE  TRANSMISSION  OBSERVED  AT  VISIBLE 
WAVELENGTHS IS MUCH LOWER THAN THEORETICAL MODELS PREDICT 
)NTERESTINGLY THE SQUARE APERTURE GRID STRUCTURE SHOWED  















SIMILAR  TO  *E½MOV´S WORK DISCUSSED  ABOVE  3EVERAL  DIFFERENT 








-EASURED  TRANSMITTANCE  OF  THE  FABRICATED  GOLD  GRID  2EPRINTED  FROM 
2EF    *E½MOVS  ET  AL  *  -OD  /PT      	  BY  PERMISSION 





TRANSMISSION  OF  SPECI½C  BROADBAND  WAVELENGTHS  AT  ^ 
TRANSMISSION  #HANGING  THE  SIZE  OF  THE  CROSSES  AND  THEIR 
SPACING  ALLOWED  THE  STRUCTURES  TO  BE  TUNED  FOR  A  SPECI½C 
WAVELENGTH  AND  ALSO  FOR  THE  TRANSMITTANCE  PEAK  TO  BE 
BROADENED OR NARROWED ACCORDINGLY
5ENO  ET  AL  FABRICATED GOLD  NANORODS WITH  ASPECT  RATIOS 
VARYING  FROM    TO    ONTO  A  GLASS  SUBSTRATE  USING  %",  4HE 
TRANSVERSE AND LONGITUDINAL PLASMON ABSORPTION BANDS WERE 
SENSITIVE  TO  THE  RODS  SIZE  ASPECT  RATIO  AND  ALIGNMENT;= 
&OR  EXAMPLE  RODS  WITH  AN  ASPECT  RATIO  OF    HAS  A  BROAD 





THAT  COULD  FUNCTION  AS  AN  OPTICAL  ½LTER  &ABRICATION  WAS 
ACHIEVED USING 56 LITHOGRAPHY WITH THE USE OF A PHASE SHIFT 
MASK;=  4HE  PHASE  SHIFT  MASK  ALLOWED  FOR  RESOLUTION 
ENHANCEMENTS TO FABRICATE FEATURE SIZES AS SMALL AS  NM 
4HE  STRUCTURE  CONTAINED  CIRCULAR  OR  HEXAGONAL  SHAPED 
CYLINDERS  WITHIN  A  GOLD  LAYER  &IGURE    SHOWS  THE  OPTICAL 
PROPERTIES  OF  THE  STRUCTURE  4HE  RESONANT  WAVELENGTH 




CHANGING  FROM  SILICON  TO  A  MORE  TRANSPARENT  SUBSTRATE;= 






AND  THE  HEIGHT  OF  THE  DISKS  ALL  COMBINE  TO  VARY  OPTICAL 
PROPERTIES  OF  THE MATERIAL  7ITH  INCREASING  ASPECT  RATIO  A 
LINEAR  INCREASE  IN  PLASMON  RESONANCE  WAVELENGTH  AND  AN 
APPROXIMATELY  CONSTANT  PEAKWIDTH  WAS  OBSERVED;=  4HE 
SENSITIVITY OF THE PLASMON RESONANCE WAVELENGTH TO CHANGES 






CONTROLLED  AND  MANIPULATED  4HE  UTILIZATION  OF  AN  OPTICAL 
BANDGAP  FOR  OPTOELECTRONIC  APPLICATIONS  IS  BELIEVED  TO 
REQUIRE  THREE DIMENSIONAL PHOTONIC CRYSTALS  THAT PERMIT  FULL 



























LIGHT  POLARIZED  PARALLEL  TO  THE  DIRECTION  OF  THE  RECTANGULAR  BLOCKS´ 
ELONGATION 2EPRINTED WITH PERMISSION FROM 2EF  5ENO ET AL /PT,ETT 
  	   /PTICAL 3OCIETY OF !MERICA
2 4 6 8
Transmission
Reflection


































MASK  PATTERN  RESULTS  IN  THE  GENERATION  OF  THE  FULL  THREE 
DIMENSIONAL  LATTICE  &OR  EXAMPLE  IN  THE  CASE  OF  SQUARE 
SYMMETRY  FOUR  EXPOSURES  IN  n  STEPS  GENERATE  A  CUBIC 
LATTICE &IGURE  SHOWS TWO PATTERNS CREATED BY THIS TECHNIQUE 








GRATINGS  )T  WAS  POSSIBLE  TO  EXCITE  A  PARTICLE  PLASMON  ONLY 
WHEN THE INCIDENT LIGHT POLARIZATION WAS PERPENDICULAR TO THE 
GRATING  LINES  4RANSVERSE  -AGNETIC  4-	  POLARISATION	;= 
(ENCE  THE  COUPLING  EFFECT  BETWEEN WAVEGUIDE MODE  AND 
GOLDPARTICLE  PLASMON  RESONANCE  APPEARS  ONLY  IN  4- 
POLARISATION &OR 4RANSVERSE %LECTRIC 4%	 POLARISATION PARALLEL 
TO THE GRATING LINES	 ONLY THE WAVEGUIDE CAN BE EXCITED 4HESE 













!  STRONG  REDSHIFT  OF  APPROXIMATELY    NM  IN  THE  PLASMON 
RESONANCE  WAVELENGTH  WAS  ALSO  OBSERVED  IN  THIS  TRANSITION 
REGION  )T  WAS  FOUND  THAT  THE  SHIFT  AND  BROADENING  OF  THE 
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IN  THEIR  RESPECTIVE  FAR  ½ELD  REGIONS  SIGNI½CANTLY  AFFECTS  THE 
INDIVIDUAL PARTICLE PLASMON AND THUS THE PLASMON NEAR½ELD 
CHARACTERISTICS 
&OR  SINGLE  LAYER  SUBWAVELENGTH METAL  GRATING  POLARISERS 
WITH  ½XED  PERIODS  POLARISATION  ANISOTROPY  INCREASES  AS 
THE WAVELENGTH  INCREASES  9U  ET  AL  FABRICATED  A  DUAL  LAYER 
GRATING  WHICH  SHOWS  AN  EXTINCTION  RATIO  MAXIMUM  IN 
THE  VISIBLE  REGION  INDICATING  RESONANCE  OCCURS  BETWEEN 
THE  TWO  METAL  GRATING  LAYERS  2ESONANCE  BETWEEN  THE 
LAYERS  HELPS  TO  ENHANCE  THE  POLARIZATION  SELECTIVITY  FOR 
WAVELENGTHS CLOSE TO  NM $UE TO RESONANCE EFFECTS HIGH 
POLARIZATION EXTINCTION RATIOS AT CERTAIN WAVELENGTHS CAN BE 






PLASMON  RESONANCE  OF  GOLD  NANOPARTICLES  PLASMONIC 
WAVEGUIDES MAY BE  FABRICATED  THAT  GUIDE  ELECTROMAGNETIC 
RADIATION  IN  THE  VISIBLE  AND  NEARINFRARED  REGION  OF  THE 
SPECTRUM %XCITATION AT OR NEAR THE PLASMON RESONANCE ALLOWS 





FUNCTIONAL  PLASMONIC WAVEGUIDES;=  &IGURE  A	  SHOWS  A 
n CORNER STRUCTURE FABRICATED USING %", ON )4/DOPED GLASS 
4HE GOLD PARTICLES ARE  NM IN DIAMETER AND ARE SEPARATED 









,ITHOGRAPHY  TECHNIQUES  PLAY  AN  IMPORTANT  ROLE  IN  THE 
FABRICATION  OF  FUNCTIONAL  DEVICES  BASED  ON  NANOSCALE 
STRUCTURES OF THE PRECIOUS METALS /NCE A PATTERN OR DESIGN 
HAS  BEEN  IDENTI½ED  BY  SIMULATION  OR  CALCULATION  IT  CAN  BE 




CHOICE OF METAL  FOR USE  IN NANOSCALE OPTICAL DEVICES AS  IT  IS 
RELATIVELY  INERT  EASILY  DEPOSITED  AND  HAS  SURFACE  PLASMONS 
THAT  CAN  BE  TUNED  BY  DIMENSIONAL  CONTROL  FROM  THE  MID
VISIBLE TO THE NEARINFRARED 
!BOUT THE AUTHORS
!LL  THE  AUTHORS  ARE  AT  THE 5NIVERSITY  OF  4ECHNOLOGY  3YDNEY 
543	 IN !USTRALIA
.ICK 3TOKES IS STUDYING FOR HIS 0H$ IN THE 
543  )NSTITUTE  FOR  .ANOSCALE  4ECHNOLOGY 
(IS  PROJECT  IS  COFUNDED  BY  MINING 
COMPANY !NGLOGOLD !SHANTI ,IMITED AND 
THE  !USTRALIAN  2ESEARCH  #OUNCIL  AND  IS 







$R  !NDREW  -C$ONAGH  IS  A  3ENIOR 
,ECTURER  AT  IN  THE  $EPARTMENT  OF 
#HEMISTRY -ATERIALS AND &ORENSIC 3CIENCES 
AT 543 AND IS ALSO A MEMBER OF ITS )NSTITUTE 
FOR  .ANOSCALE  4ECHNOLOGY  !NDREW 












































    * &UJITA -  )SHIDA ET AL .UCL  )NSTRUM -ETH 0HYS 2ES "   

   2* 9OUNG *2! #LEAVER ET AL * 6AC 3CI 4ECHNOL "   
   ) #HYR AND !* 3TECKL * 6AC 3CI 4ECHNOL "   
   9 ,IU $- ,ONGO ET AL !PPL 0HYS ,ETT   
   *! VAN +AN !! "ETTIOL ET AL !PPL 0HYS ,ETT   
   & ,ISON ( !DAMS ET AL !PPL 0HYS "   
   2 3EISYAN 4ECH 0HYS   
   " &AY -ICROELECTRON %NG   
   - 2OTHSCHILD -ATER 4ODAY   
   - !LKAISI 2 "LAIKIE ET AL !DV -ATER   
   4 "RUNNER * 6AC 3CI 4ECHNOL "   
   ( 'UO $ .AU ET AL !PPL 0HYS "   
   9 .AKATA 4 /KADA ET AL !PPL 0HYS !   
   ( 3OLAK * 0HYS $ !PPL 0HYS   2
   2 'RONHEID ( 3OLAK ET AL -ICROELECTRON %NG   
   3 3UN 0 -ENDES ET AL .ANO ,ETT   
   $ #HAO ! 0ATEL ET AL * 6AC 3CI 4ECHNOL "   
   7 *UNG & #ASTAuO ET AL * 6AC 3CI 4ECHNOL "   
   ( 3MITH 2 -ENON ET AL -ICROELECTRON %NG   
   $ -ELVILLE 2 "LAIKIE ET AL #URR !PPL 0HYS   
   2 "LAIKIE $ -ELVILLE ET AL -ICROELECTRON %NG   
   $ -ELVILLE 2 "LAIKIE ET AL !PPL 0HYS ,ETT   
   ( 3MITH - 3CHATTENBURG ET AL -ICROELECTRON %NG   
   & #ERRINA * 0HYS $ !PPL 0HYS   2
   ( 3MITH * 6AC 3CI 4ECHNOL "   
   8 ,I 6 0ARASCHIV ET AL * !M #HEM 3OC   
   : 9U 0 $ESHPANDE ET AL !PPL 0HYS ,ETT   
   + 7ILDER ( 3OH ET AL * 6AC 3CI 4ECHNOL "   
   2 'ARCIA 2 -ARTINEZ ET AL #HEM 3OC 2EV   
   + 7ILDER # 1UATE ET AL * 6AC 3CI 4ECHNOL "   
   ) 3UNG AND $ +IM !PPL 3URF 3CI   
   1 4ANG ! 3HI ET AL * .ANOSCI .ANOTECHNOL   
   3 (SIEH 3 -ELTZER ET AL * 0HYS #HEM "   
   ( :HANG 3 #HUNG ET AL .ANO ,ETT   
   ( :HANG : ,I ET AL !DV -ATER   
   2 0INER * :HU ET AL 3CIENCE   
   - 'REEN AND 3 4SUCHIYA * 6AC 3CI 4ECHNOL "   
